The B2=L2 1 order-disorder transition and ferromagnetic/paramagnetic transition temperatures in Co 2 (Cr 1Àx Fe x )(Ga 1Ày Al y ) alloys were determined by differential scanning calorimetry and transmission electron microscopy. It was found that spinodal decomposition cannot be suppressed by quenching in the Al-rich portion of Co 2 Cr(Ga 1Ày Al y ) alloys, leading to lowering of Curie temperature T c . The transition temperature T B2=L21 t from the B2 to L2 1 -type phase decrease with increasing y for both the Co 2 Cr(Ga 1Ày Al y ) and Co 2 Fe(Ga 1Ày Al y ) alloy systems. The T c in the Ga-rich portion of the L2 1 -type Co 2 Cr(Ga 1Ày Al y ) alloy system is almost constant at about 480 K, whereas that in the B2-type Co 2 Fe(Ga 1Ày Al y ) alloy system slightly increases from about 1100 K to about 1170 K. By extrapolation from the Ga-rich side of Co 2 Cr(Ga 1Ày Al y ) alloys, T B2=L21 t and T c of the metastable Co 2 CrAl alloy were determined as 800 and 470 K, respectively. An optimal concentration area for obtaining excellent half-metallic properties and high stability of the L2 1 -type phase in the Co 2 (Cr 1Àx Fe x )(Ga 1Ày Al y ) alloys is proposed.
Introduction
Half-metallic ferromagnets (HMFs) are currently of interest in the field of spintronics due to their potential application in spin-dependent devices with high performance such as the magnetic random access memories (MRAMs) and current-perpendicular-to-plane (CPP) spin-valve GMR heads. 1, 2) Many L2 1 (full-Heusler)-type HMFs have been extensively studied from both theoretical and experimental points of view, [3] [4] [5] [6] [7] and recent theoretical calculations have shown clear evidence for HMFs from the electronic structures of L2 1 and B2-type Co 2 CrAl alloy. [8] [9] [10] [11] However, the experimental values of the saturation magnetic moment M s and the spin polarization of L2 1 and B2-type Co 2 CrAl alloys are much lower than the theoretical values. 12, 13) Recently, it has been demonstrated that an inevitable A2 þ B2 spinodal decomposition, which appears in the Cr-rich portion of Co 2 (Cr 1Àx Fe x )Al alloys significantly reduces the half-metallic magnetic properties. 14) On the other hand, based on the investigations of phase stability, magnetic properties, and electronic structures, we have pointed out that the Co 2 CrGa Heusler alloy is a promising candidate for applications to spintronic devices because of its half-metallic property with 95% of spin polarization. 15, 16) It has also been confirmed in the Co 2 CrGa alloy that precipitations occur for a specimen annealed at 973 K. 15) Very recently, the present author's group has investigated the electronic structures, magnetic properties, and phase stability of Co 2 (Cr 1Àx Fe x )Ga Heusler alloys and shown that the L2 1 -type single-phase is obtainable for the entire concentration of x and that a half-metallic property can be achieved at a lower concentration of x. 17, 18) From these results, it is suggested that the materials for HMFs with excellent half-metallic properties and high stability of the L2 1 -type phase can be obtained by optimizing the concentrations of Co 2 (Cr 1Àx Fe x )(Ga 1Ày Al y ) alloys. In the present study, the B2=L2 1 order-disorder transition and ferromagnetic/paramagnetic transition temperatures of the Co 2 CrGa-Co 2 CrAl-Co 2 FeAl-Co 2 FeGa section were investigated and the concentration dependence of the phase stability was examined.
Experimental Procedures
Several kinds of the specimens were prepared in an induction furnace under an argon atmosphere using pure cobalt (99.9%), chromium (99.2%), iron (99.95%), gallium (99.99%), and aluminum (99.7%). After alloying, each ingot was solution-treated at 1373 or 1473 K for 72 h and quenched into ice water. Additional aging at various temperatures was performed for some specimens. All transformation temperatures were determined by differential scanning calorimetry (DSC) at a heating rate of 5 K/min. Identifications of the structure and the phase of the specimens were achieved by electron diffraction and transmission electron microscopic (TEM) observations. 14) 3. Results and Discussion 3.1 Determination of magnetic and phase transition temperatures Figure 1 . Furthermore, the disappearance of the T B2=L2 1 t peak and the decrease of the T c in the Co 2 CrGa 0:25 Al 0:75 were detected. In the Co 2 CrAl alloy, the same kind of behavior has been reported as a result of the A2 þ B2 spinodal decomposition. 14) In the present study, TEM observations were performed to examine the stability of the L2 1 -type phase and to confirm the spinodal decomposition of Co 2 Cr(Ga 1Ày Al y ) alloys with y ¼ 0:75 and 0.5 annealed at various temperatures.
Figures 2(a) and (b) show the selected area diffraction patterns with the specimen tilted to the ½01 1 1 matrix zone axis and the TEM dark-field images taken from (100) B2 or ð111Þ L2 1 reflection for Co 2 Cr(Ga 1Ày Al y ) alloys with y ¼ 0:75 annealed at 773 K for 48 h and at 1173 K for 15 min, respectively, while the result in the case of y ¼ 0:5 annealed at 873 K for 15 min is shown in Fig. 2 (c). The crystal structure of Fig. 2(a) is identified as the B2-type from the electron diffraction pattern, and A2 þ B2 two-phase separation is confirmed from the TEM dark-field image. In the TEM dark-field image for Fig. 2(a) , the dark and white regions correspond to the A2-and B2-type phases, respectively. On the other hand, the crystal structures of Figs. 2(b) and (c) are identified as the B2-type and L2 1 -type, respectively, and the single-phase can be confirmed in the TEM dark-field images. Anti-phase boundaries due to low annealing temperature are confirmed in the TEM dark-field image for Fig. 2(c) . These results relating to the phase stability correspond to the previously reported data of the Co 2 (Cr 1Àx Fe x )Al alloys, 14) which means that the substitution of Al to the Ga site has a great influence on the stability of the L2 1 -type phase. All the results of the transition temperature T B2=A2þB2 t from the B2 to A2 þ B2-type phase and of T B2=L2 1 t and T c obtained from the DSC measurements are given in Tables 1 and 2. 3.2 T B2=L2 1 t and T c in the Co 2 Cr(Ga 1Ày Al y ) and Co 2 Fe(Ga 1Ày Al y ) systems Bcc metastable phase diagrams of the Co 2 Cr(Ga 1Ày Al y ) and Co 2 Fe(Ga 1Ày Al y ) alloy systems are shown in Fig. 3 , together with the data on the Co 2 (Cr 1Àx Fe x )Al system. 15, 20) The bold hatched and dotted lines represent the T 
T c , respectively, determined by the DSC measurements and TEM observations. In the case of the Co 2 Cr(Ga 1Ày Al y ) section shown in Fig. 3(a) , while the T c is almost constant at about 480 K, the T B2=L2 1 t linearly decreases with increasing y from about 1050 K. Although the A2 þ B2 two-phase region appears in the Al-rich side, the T B2=L2 1 t and the T c of the metastable Co 2 CrAl alloy can be estimated as 800 and 470 K, respectively, by extrapolation from the Ga-rich side. These values are in good agreement with the those extrapolated from the Co 2 (Cr 1Àx Fe x )Al section as shown in Fig. 3(b) . On the other hand, the T c is always located at temperatures above the T B2=L2 1 t and there is no A2 þ B2 two-phase region in the Co 2 Fe(Ga 1Ày Al y ) section as shown in Fig. 3(c) . In this system, while the T B2=L2 1 t decreases with increasing y as well as that in the Co 2 Cr(Ga 1Ày Al y ) system, the T c slightly increases from about 1100 K to about 1170 K.
T B2=L2 1 t
and T c in the Co 2 (Cr 1Àx Fe x )(Ga 1Ày Al y ) system Figure 4 shows an isothermal section diagram taking the x and y for the X and Y axes, respectively, where the four corners correspond to Co 2 CrGa, Co 2 FeGa, Co 2 CrAl and Co 2 FeAl. The iso-T B2=L2 1 t and iso-T c lines 14, 15, 17, 19) at some appropriate temperatures are linearly drawn by interpolation among all sides. To confirm the reliability, three alloys with concentrations located in this square were prepared, and the T B2=L2 1 t and T c were determined by DSC as shown in Fig. 1(c) . The obtained data, which are listed in Fig. 4 and Table 3 , are in good agreement with the estimated results. On the other hand, the T c peak for the Co 2 (Cr 0:67 -Fe 0:33 )(Ga 0:33 Al 0:67 ) alloy cannot be detected due to the A2 þ B2 spinodal decomposition, while a resolution peak corresponding to the T B2=A2þB2 t is detected at about 1009 K as shown in Fig. 1(c) . This result suggests that the A2 þ B2 region expands to the inside direction of the concentration square as shown in Fig. 4 . It is seen that while the iso-T c lines are almost parallel to the Y-axis, the iso-T for the X axis, respectively. The polarization P of the L2 1 and B2-type phases has been theoretically evaluated in the Co 2 (Cr 1Àx Fe x )Al and Co 2 -(Cr 1Àx Fe x )Ga sections, 11, 18) which shows that the L2 1 Heusler phase in the Cr-rich region of both the sections has a high value of the polarization as shown in Fig. 5 . Consequently, if it is assumed that the polarization P of Co 2 (Cr 1Àx Fe x )-(Ga 1Ày Al y ) alloys can be expressed by linear interpolation from the Co 2 (Cr 1Àx Fe x )Al and Co 2 (Cr 1Àx Fe x )Ga sections, the gray area in Fig. 5 is expected to be a suitable concentration area for obtaining excellent half-metallic properties (P = 80%), high T c (= 573 K), and high stability of L2 1 -type single-phase (T B2=L2 1 t = 973 K).
Summary
B2=L2 1 order-disorder transition and ferromagnetic/paramagnetic transition temperatures of the Co 2 (Cr 1Àx Fe x )-(Ga 1Ày Al y ) alloy system were investigated. The obtained results are as follows: Fig. 3 Metastable phase diagrams of the bcc phase in the Co 2 Cr(Ga 1Ày Al y ) and Co 2 Fe(Ga 1Ày Al y ) alloy systems together with data on the Co 2 (Cr 1Àx Fe x )Al system. 14) The bold hatched and dotted lines represent the transition temperature T B2=L21 t from the B2 to L2 1 -type phase and the Curie temperature T c , respectively, determined by the DSC measurements and TEM observations. , and iso-T c lines at some appropriate temperatures are drawn by interpolation from the previously reported data 14, 15, 17, 19) and the present results. The DSC data corresponding to T B2=A2þB2 t , T B2=L21 t and T c for Co 2 (Cr 1Àx Fe x )(Ga 1Ày Al y ) alloys are indicated by the blacklining, underlined labels, and bold labels, respectively. Table 3 The Curie temperature T c , the transition temperature T B2=A2þB2 t from the B2 to A2 þ B2-type phase and the transition temperature T B2=L21 t from the B2 to L2 1 -type phase of the Co 2 (Cr 1Àx Fe x )(Ga 1Ày Al y ) y alloy system. 
